). Synthesis of minus-sense to transcribe the tightly packed dsRNA genome segstrands, full complements of the packaged plus strands, ments. The crystal structure of the reovirus polymeraccompanies this process, catalyzed by the polymerase ase, 3, determined at 2.5 Å resolution, shows a finmolecules ( Figure 1A) . The mature virion, to which viral gers-palm-thumb core, similar to those of other viral outer-capsid proteins have also been added, contains polymerases, surrounded by major N-and C-terminal a completely double-stranded genome. Upon reovirus elaborations, which create a cage-like structure, with infection of a host cell, the viral core (about 700 Å in four channels leading to the catalytic site. This "caged" diameter and containing about 23,500 bp of dsRNA) is polymerase has allowed us to visualize the results of probably released into the cytosol. There, the 3 polyseveral rounds of RNA polymerization directly in the merase molecules switch mode and catalyze fully concrystals. A 5 cap binding site on the surface of 3 servative plus-strand synthesis, using each minus suggests a template retention mechanism by which strand as a template ( Figure 1A ). Nascent plus-strand attachment of the 5 end of the plus-sense strand facil-RNA is capped and methylated, by other core-associitates insertion of the 3 end of the minus-sense strand ated enzymes, and exported into the cytosol. The likely into the template channel. probably with a single genome segment "dedicated" to Enclosure of the region around the catalytic site also each; the remaining two exits may be vacant (or at least allows the enzyme to detect, by poor fit, a mismatch in devoid of a genome segment). This organization sugthe minor groove just upstream of the current polymergests that during transcription the template (minusization position (Doublie et al., 1999). Processivity can sense) strand of the genomic RNA is pulled through the be enhanced by a variety of ad hoc mechanisms-for polymerase, which remains more or less in place, and example, the coopting by T7 DNA polymerase of a thiothat the transcript, as it emerges from the polymerase, is fed into the pore. We believe that the polymerase must stay tethered at the pore, because otherwise the 
shows that 3 can be divided into three a mechanism to hold the 3Ј end of the template close domains: a central polymerase domain, which contains to the polymerase throughout the transcription cycle.
"fingers," "palm," and "thumb" subdomains, an N-terThe atomic structure of the 3 polymerase, reported minal domain, which bridges fingers and thumb on one here from crystals of recombinant protein, could not be side of the catalytic cleft, and a C-terminal "bracelet" determined in the crystallographic analysis of the core domain, which covers the catalytic cleft on the other because the single copy associated with each five-fold side ( Figure 2A ). The N-and C-terminal domains create is averaged over all five equivalent orientations. The a cage that encloses the conserved catalytic region molecule, now seen at 2.5 Å resolution, is a "polymerase within a largely hollow center. in a cage"-a catalytic module with fingers, palm, and
The "right-hand" configuration of the polymerase dothumb subdomains remarkably similar to those in other main closely resembles those of HIV-1 reverse tranviral polymerases ( polymerases, is a four-stranded, antiparallel ␤ sheet processes. There are channels in the cage correspondsupported by three ␣ helices. It contains the conserved ing to entry paths for template and for nucleoside triacidic residues of the catalytic center ( Figure 2A ; phosphates (NTPs) and to exit paths for minus-strand Bruenn, 1991). The closest relatives of the 3 fingers template or dsRNA product and for plus-strand transubdomain (among those in known structures) are those script. A particularly striking result is the detection of of the polymerases from HCV and φ6. Except for two an RNA cap binding site on the surface of the cage insertions (397-420 and 617-642) in 3, secondary strucbetween the template entrance and exit channels. We tural elements of the HCV and reovirus fingers subdopropose that by binding the 5Ј end of the nontemplate mains can be aligned unambiguously in three dimenstrand, the enzyme ensures that it can reinitiate effisions. The thumb subdomain includes a ␤ strand ciently at the 3Ј end of the template, fulfilling the suggesfollowed by three ␣ helices. The strand forms a small tion at the end of the preceding paragraph. Other viral sheet with a ␤-turn at the C terminus of the palm, a motif polymerases may contain related sites, potential targets found in other polymerases (the "primer grip" of Jacobofor inhibitors that do not affect cellular RNA polyMolina et al., 1993). A ␤-␣-␣-␣ thumb is present in HIV-1 merases.
RT and poliovirus polymerase, but the lengths of the secondary structural elements and their spatial arrangeResults ments are rather different. The thumb of HCV polymerase is larger, but it also begins with a ␤-␣-␣-␣ structure.
Preparation and Structure Determination
Superposition onto the 3 polymerase domain of coWe expressed and purified 3 as described in Experiordinates of a catalytic complex of HIV-RT shows that mental Procedures, obtaining approximately 1 mg puripalm, fingers, and thumb can all be brought into register. appears to have a "closed" structure, even in its resting sence of substrates in space group P2 1 2 1 2 1 , with one state. A hairpin loop between the initial strand and the molecule in the asymmetric unit. The structure was defirst helix in the thumb interacts with a loop at the tip termined to 2.5 Å resolution by combining phases from of the fingers, creating a complete annulus around the multiple isomorphous replacement (MIR) and multiple catalytic site on the palm (Figure 2A ). wavelength anomalous dispersion (MAD) ( Table 1) . The
The N-terminal domain of 3, residues 1-380, covers excellent experimental map, improved by solvent flipone side of the active site cleft. It anchors and augments ping, allowed unambiguous placement of more than the continuous surface between the fingers and thumb 95% of the residues. The final atomic model after crystalsubdomains. The initial 40 residues of HCV polymerase lographic refinement contains 1256 residues out of 1267 occupy a similar position, but far more sparsely. Catalyin total ( Figure 1C ). The missing part includes a flexible sis can occur in the 3 crystal without disturbing the loop between residues 957 and 964, one residue at the lattice, suggesting that the fingertips move only slightly, N terminus, and two at the C terminus. All complexes if at all, during the catalytic cycle. Any significant shift of 3 and substrates were prepared by soaking native in the position of the fingertips would lead to substantial crystals. Their structures were determined by molecular domain displacements throughout the molecule. replacement, using the native 3 structure as a phasing
The C-terminal domain of 3, residues 891-1267, is model. an annular structure (bracelet). Its shape and orientation relative to the core polymerase recall those of the sliding Overview of the Structure clamp of processive DNA polymerases (Shamoo and The 3 polypeptide chain folds into a compact unit with Steitz, 1999; Stukenberg et al., 1991), but it has an unrelated fold. Sliding clamps encircle DNA and act as tetha central cavity (Figure 2) . Its overall diameter is about The left channel is at the interface of the polymerase and bracelet domains, and the rear channel is at the At one point, just beneath the active site cleft in the palm, a short ␤ sheet links the N-and C-terminal dointerface of the polymerase and N-terminal domains. All three domains border the bottom channel. mains. These aspects of the structure are consistent with our conclusion that the domains do not move with
The superposition of the catalytic complex of HIV-1 RT, described above, places the RT template:primer respect to each other during catalysis. DNA duplex (the "upstream" end of the template) in the and transcription are initiated at the 3Ј ends of the plusand minus-sense genomic strands, respectively. The front channel of 3 and the 5Ј overhang of the template three oligonucleotides we used are shown in Figure 3A , (the "downstream" end) in the left channel. The latter is in the register with respect to the incoming nucleotide lined with basic residues, which should facilitate temseen in the crystals. plate entry. Moreover, the incoming nucleotide and the Template Conformation two divalent metal ions in the superposed RT structure Difference maps of crystals soaked as described all (and in the catalytic complexes of 3 described below)
showed strong RNA electron density in the left channel. lie near the three conserved aspartate residues in the The 3Ј end enters the active site, making base pairs with 3 palm. The modeled incoming nucleotide is near the bound rNTPs ( Figure 3A) . Assignment of RNA sequence inner mouth of the rear channel, and nucleotides needed was based on electron density, which was clear enough for RNA polymerization are likely to diffuse through this to distinguish pyrimidines and purines. The phosphate opening into the active site. A well-defined channel for backbone of the template follows a path similar to that nucleotide diffusion has also been noted in the φ6 polytaken by the template overhang in HIV-1 RT (Huang et merase ( 1998). The ribose and base of the templating nucleotide The bottom channel in 3 is a structural feature not (position ϩ1) stack tightly under the side chains of P530 yet observed in other polymerases. We propose that and I528, forcing the downstream template to bend when the polymerase is operating in transcriptional away from the catalytic pocket ( Figures 3B and 3C) . mode, the transcript exits the active site through this Initiation Sequence Specificity bottom channel. We discuss this assignment further in The observed positions of the oligonucleotides depend relation to the structures of catalytic complexes, deon their base sequences ( Figure 3A) . A template G is scribed below. favored at position ϩ1. It provides a carbonyl for a hydrogen bond with R518 and an ϪNH for a hydrogen Initiation Complexes bond with the side chain of S682 ( Figure 3C ). U at this The structure of 3 in its apo form suggests that only position can also interact favorably with R518, but A and internal adjustments might be required to accommodate C cannot. Given the conserved 3Ј terminal sequences of substrates and that catalytic complexes might form in reovirus RNAs (plus, UCAUC-3Ј; minus, UAGC-3Ј), the the crystals. As expected, initiation complexes were obpreference for G or U at ϩ1 promotes synthesis of fulltained by soaking crystals of 3 in solutions containing length RNAs of either sense. The φ6 RNA polymerase oligoribonucleotides, 3Ј-deoxy rNTPs, and Mn 2ϩ (see appears to have a different mechanism for ensuring that Table 2 are very similar to those in other polymerase complexes. conformational changes include side chain rearrangements in the NTP binding loop at the fingertips and a The 3Ј-OH group (missing here) of the priming rNTP would be placed for in-line attack on the ␣ phosphate slight expansion of the template channel. Superposition of the apo and initiating forms of the enzyme gives an of the incoming rNTP. The latter pairs with the template base at position ϩ1 and its triphosphate is coordinated rms deviation of 0.66 Å for main chain and side chain atoms. One of the two loops that separates the front by two divalent cations, three basic residues (R523, R524, and R526) from the NTP binding loop at the tip and template channels, residues 956-965, is disordered in the apo-enzyme but becomes ordered in the complex. of the fingers subdomain, and the main chain ϪNH group of A588. The 2Ј-OH of the incoming rNTP forms hydrogen bonds with D590 and S682; the 2Ј-OH of the nucleo-RNA Polymerization in the Crystal Synthesis of dsRNA tide at the primer position forms a hydrogen bond with Q732. These contacts presumably confer the observed Crystalline 3 catalyzes phosphodiester bond formation. Our strategy was to incubate the crystals with suitspecificity of 3 for ribonucleotides.
A loop containing residues 558-565 supports the able ssRNA template, divalent cation Mn 2ϩ , and rNTPs (see Table 2 and Experimental Procedures) and to force priming rNTP. This "priming loop" is effectively an insertion within a strand that is found in the palms of all other the polymerization reaction to terminate at a specific position by incorporation of a 3Ј-deoxy rNTP. In one polymerases. The insertion is unique (among known structures) to 3.
crystal, a dinucleotide product 5Ј-GC-3Ј was synthesized using 5Ј-AUUAGC-3Ј as template. In a second, 5Ј-Conformational Change in 3 There is no major domain movement in 3 when it binds GGGGG-3Ј was made with the template 5Ј-UAGCCCCC-3Ј. The products in both cases were dsRNA (Figure 4 ), oligoribonucleotides and rNTPs ( Figure 4A ). Noticeable The active site of 3 is shown, along with experimental conditions, at four progressive stages-free 3, an initiation complex, after synthesis of a 2 nucleotide product, and after synthesis of a 5 nucleotide product. 3 is rendered as a molecular surface; RNA and nucleotides, as atomic models; metal ions, as yellow spheres. To reveal the active site, the N-terminal domain, the thumb, and residues 517-528, 942-975, and 1014-1046 have been removed. The four channels are indicated on the image of free 3. Upon formation of the first phosphodiester bond, the loop (residues 658-665) that supports the priming nucleotide changes its conformation (red → green), thus avoiding collision with the dsRNA duplex.
which projected into the front channel. In the second plex were to bend, the product strand would probably collide with a loop (1109-1125) from the C-terminal crystal, we anticipated seeing 5Ј-GGGGGC-3Ј as product, because 3Ј-deoxy CTP was used in the soak. In bracelet domain. This structure might help separate template and product in the transcriptional mode and fact, there is probably some heterogeneity of product, because occupancy of the product strand decreases to direct the transcript toward the bottom channel. Alternatively, separation might depend on partial constriction toward its 5Ј end. Reasonable occupancy for the 5Ј-U of the template strand dictated our choice of primary of the front channel, perhaps by a shift in the flexible loop between residues 957 and 964, or (as suggested product in model building. Note that the template in this second crystal did not contain the preferred initiation by Butcher et al., 2001) by binding of 2, the second internal protein in the reovirus core. In transcriptional sequence described above. The polymerase contacts product RNA along its minor groove, forming both hy-RNA polymerases from prokaryotes and eukaryotes, a so-called rudder (a projection from the Rpb1 or ␤Ј subdrogen bonds and van der Waals contacts with RNA backbone ( Figure 3B ) and van der Waals contacts with unit) is believed to split template and transcript as polymerization propels the base-paired product against it bases (except for two hydrogen bonds to a templating G at ϩ1; see previous section). lies at the center of a cage with four defined channels. pore, and it is possible that the polymerase rotates from one to the next during RNA synthesis. Counterrotation There is an external site for binding a 5Ј-m 7 G RNA cap to tether this end to the polymerase. We can identify of 3 as dsRNA product emerges could facilitate spooling of individual genome segments (Figures 1 and 6 ). candidate structures for specifying the exit route of the RNA product.
Local genomic RNA secondary structure, and any higher-order RNA structures joining different genomic Cap binding may be significant for two distinct stages in the replication cycle: RNA packaging into assembling strands, will be disrupted as the genomic RNA feeds into the active site. Moreover, when RNA synthesis apcores and mRNA synthesis after viral entry into a host. In the packaging step, 3 could recognize capped viral proaches the 5Ј end of the template, the terminus will be forced to leave the cap site and enter the template RNA segments by conserved terminal elements: 5Ј-N 7 -MeG-GCUA and UCAUC-3Ј. Binding of the cap at one channel. As it emerges through the front channel, the cap can be recaptured by the cap binding site, which position on the polymerase surface and insertion of the 3Ј end into the template channel nearby could ensure is adjacent to the front-channel exit. After infection and activation of the core by stripping association of a single polymerase molecule with each segment of viral plus-strand RNA. We suggest that of the outer-shell proteins, transcription can proceed using the negative strand as a template (Figure 6 ). Athigher-order structures might then form between different RNA segments to select a full set of ten distinct tachment of the 5Ј end of the positive strand to the cap site will facilitate insertion of the free 3Ј end of the mRNAs for packaging. Interactions between the 3 polymerase molecules and the interior of the assembling 1 negative strand into the template channel. Moreover, after completion of each round of mRNA synthesis, the shell could promote efficient incorporation of the viral genome. Such a process would be different from the 3Ј end of the negative strand will easily reinsert and reinitiate. Were the 5Ј end of the positive strand not RNA packaging mechanism of bacteriophage φ6, in which plus-sense RNAs are inserted into preassembled anchored firmly to the polymerase, the 3Ј end of the template would "get lost" within the coils of dsRNA in procapsids (Mindich, 1999) .
In assembling cores, RNA synthesis probably prothe interior of the core, greatly decreasing the efficiency of reinitiation. Moreover, a cap binding site prevents ceeds as visualized in our crystallographic studies (Figure 6) . Hydrogen bonds between protein side chains and initiation from the wrong strand. Similar mechanisms might be adopted by other RNA viruses in order to synthe second template base (Figures 3B and 3C) order-e.g., finding the 3Ј end of the template or packag- mM RNA oligonucleotide, 1 mM 3Ј-deoxy rGTP, 1 mM 3Ј-deoxy glycerol, 2 mM 2-mercaptoethanol), applied to heparin-Sepharose, rCTP, and 1.5 mM Mn 2ϩ and incubated for 6 hr (Table 2) . To inhibit and eluted with a gradient to 500 mM NaCl. The 3 peak was coltraces of RNase activity, the stabilizing solution (prior to adding lected, concentrated to ‫2ف‬ ml, and applied to a 60 ml Superdex-200 nucleotides) was pretreated with RNasecure (Ambion, Inc.). The column (Amersham Pharmacia Biotech) in 100 mM NaCl. Fractions structure of native 3 was used as a phasing model. After initial containing 3 were pooled and dialyzed against fractionation buffer. rigid body refinement, R and R free dropped to 0.289 and 0.319, reIn a final step, the protein was applied to a Mono-S column (Amerspectively. The subsequent map showed new electron density in sham Pharmacia Biotech), from which it eluted at a NaCl concentraboth the template channel and at the active site. An RNA oligonucletion of 150 mM. The protein was about 95% pure, as judged by otide, rNTPs, and Mn 2ϩ ions were built using the Elongation Complexes NaCl, 10 mM DTT, 0.02% NaN 3 ) were mixed with 1 l well solution For in situ RNA synthesis, two RNA oligonucleotides, 5Ј-AUUAGC-3Ј containing 7.5% PEG8000, 10% glycerol, 0.1 M Na-HEPES (pH 7.8).
and 5Ј-UAGCCCCC-3Ј, were used in two independent experiments. With microseeding, thin plate-like crystals appeared after 1 day and Crystals were incubated as described ( Table 2 ). The 3 initiation grew to full size ‫01ف(‬ ϫ 400 ϫ 400 m 3 ) in about a week. Each complex was used for starting phases. Rigid body refinement data set was collected from a single frozen crystal that had been brought the initial R/R free to 0.231/0.279 and 0.243/0.279 for structransferred to stabilizing solution (7.5% PEG8000, 25% glycerol, 50 tures complexed with 5Ј-AUUAGC-3Ј and 5Ј-UAGCCCCC-3Ј, remM Na-HEPES [pH 7.8]) immediately before flash freezing in a boilspectively. Nascent dsRNA helix was observed in (F o Ϫ F c ) map in ing nitrogen stream at 100ЊK. Heavy atom derivatives were prepared both cases. For the crystal soaked in 5Ј-AUUAGC-3Ј, the density by soaking crystals in stabilizing solution containing heavy atom showed a dinucleotide 5Ј-GC-3Ј; for the crystal soaked in 5Ј-compounds at the concentrations in Table 1 . Crystals derivatized UAGCCCCC-3Ј, the product was 5Ј-GGGGG-3Ј. The electron denin Hg and Pt compounds were back-soaked for at least 2 hr. For sity for both the nascent and template RNA became progressively the EMTS and K 2 PtCl 4 derivatives, the wavelength was adjusted to weaker as one moved away from the active site. The triphosphate maximize f ″, determined from an extended X-ray absorption fine group at the 5Ј-end of the nascent chain was not visible. structure (EXAFS) scan. For the PMN derivative, complete MAD data 3 Complexed with Cap Analog sets were collected at three different wavelengths ( 
